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Abstract
A PDMS microfluidic reactor was made in Cal Poly’s class 1000 clean room for the purpose of
synthesizing quantum dots. The device master mold was made from a silicon substrate and
SU-8 features 50µm tall. The PDMS reactor was cast from that mold. The flow rates of fluid
through the channels, heating of the reactor and pressure in the reactor were measured in order
to characterize the potential for synthesizing quantum dots. Flow rates of 20 mL/hr through 4
mL/hr were tested to characterize the consistency of amount of time the fluid remains in the
reactor at a constant flow rate. At 20 mL/hr the reactor has an average reaction time of
30.2±4.1 seconds, and 93.9±4.1 seconds for the 5 mL/hr flow rates. The reactor needs to be
able to run at 185 ⁰C in order for the chemical reaction of growing quantum dots to occur. The
heating apparatus can reach the desired 185⁰C temperature and maintain it within 10⁰C while
fluid is running through it. The maximum operating pressure of the reactor is 200 kPa. When
running octadecene, the organic solvent used in quantum dots synthesis, at 185 ⁰C the
pressure inside the reactor is 195.6 kPa. This results in a high failure rate of reactors when
running a quantum dot synthesis. However the PDMS reactor has all the needed properties to
synthesis quantum dots.
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vi

Introduction
The goal of this project is to characterize the effects of synthesizing quantum dots in a PDMS
microfluidic reactor. The PDMS microfluidic reactor, or chip, changes in performance due to
flow rates, pressure, the use of organic solvents, and heat. The aim of this paper is to identify
these changes in performance and to evaluate if PDMS is a viable material system for
synthesizing quantum dots on the micro liter scale.

Broader Impacts
Health and Safety
The fields of quantum dots and microfluidics both have major contributions in the bio-medical
field. quantum dots can be used as bio tags in order to detect specific cells, such as cancer, in
a human test sample. Microfluidics can be used to collect and process these samples in short
times and low quantities. In 2007 the University of Toronto built a diagnostic system capable of
multiplexed, high-throughput analysis of infectious agents in human serum samples using
quantum dots and microfluidic technology. This machine is capable of processing three of the
most common blood borne infectious diseases with less than 100 µL sample sizes in less than
one hour at 50 times greater sensitivity. 1 If my project is successful at creating these
technologies at lower cost it could mean wide spread capabilities of testing equipment.

Background
Quantum Dots
Quantum dots are semiconductor nanoparticles. If the nanoparticles are inorganic and
crystalline with a diameter of between one and ten nanometers they are considered quantum
dots. The quantum dots produced in this investigation are made of cadmium selenide.
Quantum dots have the unique property of photoluminescence. This means that when the
1

quantum dots are exposed to ultra violet radiation the quantum dots emit light in the visible
spectrum.2 The color of the light is directly related to the size of the quantum dots, Figure 1.

Figure 1: Photograph of quantum dots exposed to UV light, showing the effect of quantum dot size on the
color emitted.

Quantum dots are synthesized in a nucleation and growth reaction. This means that the longer
the reaction is occurring the larger the size of the quantum dots. If different parts of the solution
are at different temperatures the size of the quantum dots will not be the same. This means that
if there is a large heat difference within the solution multiple sizes of quantum dots will be
produced.

Microfluidics
The idea to use a microfluidic reactor to synthesize dots is to better control the reaction
parameters.3 It is easier to maintain a consistent temperature and time during the reaction
because the device handles micro liters of fluid. This means there is no thermal gradient
through the solution like in the macroscale synthesis. Tighter control of the heat and time will
result in a more consistent size distribution of quantum dots.
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PDMS
Polydimethylsiloxane, also known as PDMS, is a silicone based polymer. The polymer is made
up of a silicon oxygen back bone, with two methyl groups attached to the silicon, Figure 2.4 The
material is advantageous to work with because of its ease of processing and low cost. It is also
great for making microfluidic devices from because of its flexibility. Fully cured PDMS is very
flexible and durable; so that once the chip is made there is no need for care handling of the
chip. PDMS is also optically transparent. This is advantageous because it allows the user to
view what is happening inside the chip while fluid is running through it. However it has two
major drawbacks when used for a microfluidic reactor for synthesizing quantum dots. PDMS
has a very low thermal conductivity. It also has a low resistance to the organic solvent
octadecene. The octadecene can cause swelling and even dissolve the PDMS over time.

Figure 2: Picture of the molecular makeup of polydimethylsiloxane.

3

Procedures
The chip was 100 mm in diameter with a serpentine channel de
design.
sign. The width of the channel
was 1 mm, the height of the channel was 50 µm and the length was 1 m long. Figure 3 shows a
picture of the final device that will be fabricated.

Figure 3: Photograph of the final micro fluidic chip.

Photolithography
Wafer Preparation
Select a 100 mm silicon wafer to be used as a substrate for making the master mold. This mold
will be used in the PDMS casting processes later. Clean the wafer using piranha solution. Set
the solution to 70⁰C and let the wafer sit for 10 minutes. Then rinse the wafer with DI water.
Clean the wafer with buffered oxide etch at room temperature and let sit in solution for 5
minutes.
tes. Finish cleaning by running the wafer through the spin rinse drier. Bake the wafer at
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200 ⁰C for 5 minutes using a hot plate, Figure 4.

Figure 4: Cross section of clean silicon wafer.

Spin on SU-8 Layer
Once the wafer has been cleaned a layer of Microchem SU-8 2050 photoresist needs to be
deposited to create the microfluidic features. Remove SU-8 from refrigerator and allow it to
come to room temperature. Deposit 4 mL of SU-8 onto the surface of the clean wafer. Spin the
wafer using the Laurel spin coater at 400 RPM for 20 seconds with acceleration of 602
RPM/second. This will create a spreading effect to even out the dispensed SU-8. Then spin
the wafer at 2500 RPM for 35 seconds with an acceleration of 300 RPM/second. This will
create your finish SU-8 layer of 50 µm. Once done, clean the edge of the wafer with an acetone
wipe to get rid of any bead that has developed from the spinning process, Figure 4. Put the
wafer on a hot plate set at 55 ⁰C for 12 minutes then transfer to another hot plate at 85 ⁰C for 25
minutes.

Figure 5: Cross section of wafer after deposition of SU-8 layer.

Exposure
When the SU-8 is exposed to UV light it cross links and cures. Use the aligner in order to
expose the wafer and create the SU-8 features. The wafer will need an exposure dose of 150
mJ/cm2 to cross link and cure the SU-8. To expose the SU-8 so that only the features you want
are cured use a transparency photo mask. The photo mask will act as a shield from the UV light
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in area that the wafer should not have features. On the aligner a light integral of 37.5 will
produce enough light to fully cure the SU-8, Figure 6. After exposure, bake at 55⁰C for 12
minutes and 85⁰C for 25 minutes.

Figure 6: Cross section of UV light exposing SU-8 layer on silicon wafer.

Develop
The wafer is then developed in an organic solvent created by Microchem to remove the
unexposed SU-8. Submerge the wafer in this solution for 10 minutes at room temperature.
Ensure that all residue is removed by rinsing the wafer with isopropyl alcohol. If there is still
residue dip the wafer back into the developer for one minute then rinse again with isopropyl
alcohol. Allow to air dry. Then hard bake the wafer at 150 ⁰C for 15 minutes, Figure 7.
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Figure 7: Cross section of silicon wafer after exposure. This is the master mold that will be used in the
PDMS casting procedure.

Softlithography
PDMS Preparation
The PDMS used was produced by Dow Corning called Sylgard 184. It is a 2 part system
consisting of an elastomeric base and curing agent. 50 mL of the base was mixed with 5 mL of
the curing agent. Once thoroughly mixed the PDMS was place in a vacuum chamber for 15
minutes or until all of the bubbles are visibly gone.

PDMS Casting Setup
Two Petri dishes were used as the base for holding the PDMS liquid. One Petri dish should be
100 mm in diameter to fit the master mold. The bottom of the Petri dish is lined with aluminum
foil and the master mold is placed on top of the foil. Then 30 mL of PDMS is poured onto the
master mold, and the remaining 25 mL is poured to the bottom of the second Petri dish to create
the forth wall of the chip. Both Petri dishes containing the PDMS are cured at 70 oC for 2 hours.

Plasma Bonding Prep
After the PDMS has finished curing the PDMS is peeled off of the master mold, Figure 8. The
rough edges should be cut off with a knife in order to get a smooth bottom surface. Then holes
are punched out using a 16 gauge needle that has been sharpened using a drill bit. Punch
these holes over the inlet and bonding surfaces to be bonded are clean.

7

Figure 8:: Diagram of the PDMS casting and curing procedure.

Plasma Bonding
The surfaces of the PDMS chip are treated with an argon plasma to bond the chip together.
The plasma is run over the surfaces for about 2 minutes per surface. After treatment the
surfaces were brought together to form a non
non-reversible
reversible bond. This completes the
manufacturing of the chip.

Testing
Flow Rate
Flow Rate was tested using a hydraulic syringe pump, (NE
(NE-300
300 New Era Syringe Pump), to
move the fluid through the channels, and a stopwatch to measure residence time. A 10 mL
syringe was put into the syringe pump and set for a 4-20
20 mL/hr flow rate. The syringe
s
was
connected to the chip via two 16 gauge needles and Tygon tubing, Figure 9.. Once the fluid hit
the beginning of the channel, the time was started. Then once the fluid completed the channel
and reached the outlet the time was stopped.

Pressure
Pressure was tested using a gas
as pressure sensor.. A third hold was placed in the center of the
fluid channel and the gas pressure sensor was integrated into that hole. As fluid was pumped
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from the inlet to the outlet, the middle sensor hole slowly filled until an equilibrium pressure was
reached, Figure 9.

Figure 9: Diagram of testing apparatus.

Heating
The chip was heated with a hot plate and a flexible silicone heater. The silicone heater was
hook up to a feedback system that utilized a type k thermocouple imbedded in the channels.

Synthesis
Weigh 30 mg of selenium powder and put into a 50 mL round bottom flask. Place a small
magnetic stir bar in the bottom of the flask. Cap the flask with a rubber septum. Place the flask
in a heating mantle. Inject 5 mL of octadecene into the flask. Turn the mantle on low heat and
the stirring on low. Inject 0.4 mL of TOP into the flask. Allow to sit until the solution becomes
clear. Once clear remove the flask from the mantle. This completes the process for making the
selenium TOP precursor solution.
Weigh 18 mg of cadmium oxide and place in a 50 mL round bottom flask. Place a small
magnetic stir bar in the bottom of the flask. Insert a thermocouple into the flask so that the tip is
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suspended in solution. Place the rubber septum over the top of the flask. Inject 10 mL of
octadecene into the flask. Place the flask in the heating mantle. Turn the mantle on high and
the stir on low. Inject 0.6 mL of oleic acid into the flask. Heat the solution to 250oC to dissolve
the cadmium oxide. Once the solution is clear, turn heat and stir off and allow solutions to come
to room temperature.
Once at room temperature, inject 1 mL of the selenium precursor solution into the cadmium
precursor solution. Withdraw 5 mL of solution using a 10 mL glass syringe. Place the syringe
into the syringe pump. Program the pump for 5 mL/hr to get a 90 second residence time.
Interface the syringe to the chip by using two 16 gauge needles and tygon tubing. Once the
chip has reached a temperature of 185oC start the syringe pump and collect the product in a
vial.
Dilute the product 2:1 with octadecene for fluorescence testing. Pick up 1 mL of solution using
a micro pipette and inject that into the micro cuvette. Place the cuvette in the ocean optics
spectrometer and illuminate it at 90 degrees with a blue LED.

Results
Flow Rates
Quantum dots need to be heated for between 30 seconds and 100 seconds in order to be
synthesized. This means that the fluid precursor solution needs to have a residence time on the
chip of between 30 seconds and 100 seconds. Using a syringe pump, (NE-300 New Era
Syringe Pump), octadecene was pumped through the chip at flow rates of between 4 mL/hr and
20 mL/hr to achieve the desired residence times.
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The consistency of the syringe pump was tested using water at room temperature. A flow rate
of 20 mL/hr gave an average residence time of 30.2 seconds. This was the fastest flow rate
used for the chip. The syringe pump produced a variation of residence time of 4.02 seconds.
Table I: Flow Rates for Desirable Residence Times

Flow Rate
(mL/hr)
20
15
10
5
4

Residence
Time
(seconds)
30.2
45.49
58.85
93.93
102.17

Pressure
The pressure inside the channel was taken using both water and octadecene. Using room
temperature water, the highest pressure was 151.7 kPa for the 20 mL/hr flow rate. With that
same flow rate, octadecene at 185 oC the pressure was 195.6 kPa. The average breaking
pressure for the PDMS to PDMS bond is 200 kPa. To synthesis quantum dots the pressure
inside the channels is nearly the same as the failure pressure of the chip, Figure 9.
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Figure 10:: Pressure results for both the water testing and octadecene testing. The max pressure for the
PDMS bond is to the far right.

Synthesis
Running a synthesis with a 5 mL solution with a cadmium oxide content of 18 mg, a selenium
content off 10 mg, a residence time of 90 seconds and a temperature of 185 oC successfully
produced quantum dots. The fluorescence spectrum had a center wavelength of 552 nm and a
full width half max of 40 nm, Figure 10. However the PDMS chip burst during the reaction,
reac
so
only 3 mL of sample was collected.
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Figure 11: Fluorescence spectrum of a quantum dot synthesis done at 185 C and 5 mL/hr.

Discussion
Flow Rates
The flow rates that the syringe pump could supply were adequate for the residence times
needed to synthesis quantum dots. However the variation between test runs would result in a
large distribution of quantum dot sizes per reaction. Switching to a segmented flow setup would
solve this problem. Segmented flow work by introducing bubbles of gas into the channels with
the liquid. This isolates the fluid into a droplet moving through the channel instead of a stream.
The droplet will have a single residence time, and alleviate the problem of large distribution of
quantum dots sizes.

Pressure
The Pressure present inside the chip during synthesis is very close to that of the burst pressure
of the PDMS chip. Running the reaction this close to the failure point is undesirable due to the
risk of failing to complete the reaction. Also during fabrication it is easy for an inclusion to be
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present during the casting process that could drastically decrease the bond strength of the
PDMS. To use PDMS as a viable micro reactor for synthesizing quantum dots the bond
strength must be increased to accommodate the pressure.
An alternative approach would be to redesign the chip to get the same residence time but have
lower pressures. This can be achieved by decreasing the length of the channels. A shorter
length would require a lower flow rate to get the same residence time, and would decrease the
internal pressure of the PDMS chip.

Organic Solvent
The organic solvent, octadecene causes PDMS to swell on contact.5 This swelling is so severe
that it can plug the microfluidic channels, making the chip useless. If the octadecene does not
cause the channel to plug then you can run a quantum dot synthesis. Unfortunately the
octadecene creates a variation of residence time with the amount of time the octadecene is
present in the chip. For example, the longer the PDMS is exposed to octadecene, the short the
residence time of the fluid moving through the channels due to swelling.

There was also evidence of the PDMS getting dissolved and corroding from the channel walls.
During an octadecene flow rate test, PDMS bits plugged the outlet stainless steel tubing, which
cause the chip to fail. A cross section look of the PDMS channels before and after an
octadecene run shows that the PDMS is getting dissolved by the octadecene over time. Also a
top down view under magnification shows that bits of the PDMS channels are missing where the
high velocity flow zones are, Figure 11. PDMS cannot handle running octadecene through the
channels of the chip.
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Figure 12: Effects of octadecene. The two images on the left are before testing. The two images on the right
are after testing. The images on the top are cross sections of the micro channels. The images on the bottom
are top views of the channels.

Heat
Due to the low thermal conductivity of the PDMS a great deal of heat needs to be supplied into
the system in order to heat the liquid to 185 oC. In general the hot plate needed to be set to
double the required temperature in order to heat the PDMS to the desired temperature.
The silicone heat feedback system did an adequate job of keeping the temperature stable
during synthesis. However at 200 oC the silicone heater would start to smoke. It is
recommended that the silicon heater be replaced with a metal platen heater.
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The thermocouple feedback system performed well for adjusting the heat as needed. However
imbedding the thermocouple in the correct location to read the same temperature as the fluid
was near impossible. Moving the thermocouple an 1/16th of an inch would results in a 15 oC
variation in the reading of the thermocouple. The thermocouple needs to be place in a more
exact manner. It is recommended that the thermocouple be placed inside one of the channels
during the casting process to curing the PDMS with the thermocouple in it, instead of punching
a hole and placing it in during testing.

Synthesis
The synthesis of CdSe quantum dots using a PDMS chip was a success. The chip was able to
get to temperature and hold the pressure of the fluid for 36 minutes, at which point the PDMS
chip burst. The quality of the quantum dots was comparable to the ones produced on the
macroscopic scale in our same labs. The full width half max was 3 nm smaller than that of the
quantum dots produced at the macro scale.

Conclusions
A PDMS microfluidic reactor can be used to synthesize CdSe quantum dots. With a channel
width of 1000 µm and using a syringe pump to move fluid the size distribution of the quantum
dots is 60% larger than hoped for. The pressure that builds up while running a synthesis is 98%
that of the failure pressure of the PDMS bond. Heating the PDMS chip using a hot plate is
inefficient due to the high thermal conductivity of the PDMS and the convective currents in the
flume hood. The PDMS chip should only be use for one synthesis and then disposed of due to
the corrosive effects of octadecene on PDMS.
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